The thermohaline hysteresis response to varying North Atlantic freshwater forcing is studied by means of a three-dimensional ¤ global ocean general circulation model (OGCM). The influence of vertical diffusivity is examined using a wide range of mixing coefficients. For sufficiently large vertical diffusivity the model shows a pronounced hysteresis behavior, so that two equilibrium states of the thermohaline circulation are found: one mode with intense deep-water formation in the North Atlantic (''on'' mode) and one mode with strongly reduced convective activity (''off '' mode). By decreasing the diffusivity , the two branches of the hysteresis merge. In addition, the effect of numerical diffusion is analyzed by applying different advection schemes. A positive feedback between overturning strength and the numerical diffusivity of upstream advection is found, resulting in a reduced stability of the ''on'' mode. Comparing the results with those from zonally averaged models exhibits substantial differences regarding the stability properties of the thermohaline circulation. Freshwater transports by ¥ horizontal gyres have an important effect on the overturning circulation in the OGCM.
Introduction
The ¦ present-day circulation of the North Atlantic Ocean Marotzke 1997; Munk and Wunsch 1998). Utilizing numerical models, previous studies have emphasized ! the sensitive dependence of overturning strength on $ vertical mixing (Bryan 1987; Wright and Stocker 1992; Marotzke 1997; Weber 1998; Zhang et al. 1999) . Manabe and Stouffer (1999) suggested furthermore that the stability of the THC and the possibility of multiple equilibria " depend on vertical diffusion. In particular, they speculated that there is a critical value of diffusivity above which two stable equilibria do not exist. Unfortunately % , values for vertical diffusivity are subject & to considerable uncertainty (e.g., Munk and Wunsch 1998) . In climate models vertical mixing coefficients are often used to tune the overturning strength in order to obtain realistic oceanic heat transports. Moreover, implicit diffusion can be introduced by numerical advection, ' with substantial consequences for the meridional $ overturning (Gerdes et al. 1991) . Therefore, sensitivity ! studies regarding the effect of vertical mixing on $ THC stability are essential in order to estimate the probability of rapid climate transitions associated with THC modes.
Recently, the thermohaline hysteresis response of Atlantic overturning to varying freshwater forcing and vertical mixing has been analyzed in multibasin zonally averaged ocean models (Ganopolski et al. 2001 ; Schmittner h and in the South Atlantic (at 30i S). Vertical averaging is over the j entire depth of the NADW overturning cell at 65k N h and over the depth of the upper limb of the overturning circulation at 30l S (this depth varies from 1000 m in V0.2 to 1500 m in V2.6). The gradient of the least squares approximation in the log-log plot is m 0 .05. According to (3), this gradient has to be taken into account when testing the j validity of the 2/3 power law (2) (Fig. 6) . By no means we are (Fig. 9a) . With enhanced vertical mixing 8 coefficients, the southern upper (Ekman-dominated) overturning cell deepens, thereby separating the North Atlantic overturning cell from the South Atlantic (Fig.   d   9b) . Deepening of the southern cell is associated with intensified net upwelling in low latitudes (Fig. 9c) , balancing 4 increased downward mixing of buoyancy. In the ''off '' mode of the THC, AABW represents the G saltiest water mass in the deep Atlantic (Fig. 12a) . Its abyssal flow is associated with a northward salt transport, D while the upper-ocean salt transport from the South to G the North Atlantic is substantially reduced. As a result, 2 the upper North Atlantic and the Nordic seas are ver 6 y fresh (Fig. 12b) , and water masses there are relatively
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Vertical mixing and stability of the ''off'' mode
From H the hysteresis loops in Fig. 6 we can see that a C negative freshwater flux anomaly is required to switch from 3 the ''off '' mode to the ''on'' mode. In the following,
B
we examine why such a transition requires a stronger 5 net evaporation with increasing vertical mixing. Fig. 12c ). This can be understood by using the The strong restoring of set 2, however, suppresses
